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PREFACE

Project Serb was conceived and executed within a

remarkably short period of time. Less than eight weeks

elapsed between project approval and launch. It is a tribute

to those who planned, directed, built and tested in those

often frantic weeks that the satellite achieved its prime

objective of surveying the electron distribution as altered

by high altitude nuclear tests. Particular acknowledgment is

due to John Townsend who kept his finger on the pulse of the

project from start to finish and to Gerry Longanecker and

Paul Butler of the Project Office who saw it through. The

Bell Laboratories collaborators on the program are also

tremendously indebted to Roland Van Allen and U. Desai who

fought with and successfully solved the problems of the

digital circuitry into which the BTL experiments fed their

inf orma ti on.
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I • Introduction

The w_rk carried out under this contract consists

of two main tasks. The first is a study of the energetic

particles in the trapped radiation belts in space_ particularly

the electrons artificially introduced by high altitude nuclear

explosions during 1962. This task has involved fabrication_

testing_ and calibration of instrumentation for particle

measurements and reduction and analysis of the data received

from the satellite in space. The second is an investigation

of the radiation damage to solar cells due to the particle

exposure of Explorer XV in its orbit. It has included design_

fabrication and testing of solar cell damage detectors and

reduction and analysis of the data from space. A detailed

account of these two main tasks is given in Sections I! and

III below°

The work of designing and constructing the hardware

of the Bell Laboratories experiment was done by a group of

people who had worked together on the Telstar program and in

part on the BTL experiments of Project Relay.

T. M. Buck_ G. H. Wheatley_ J. W. Rodgers and

W. M. Augustyniak who built and tested the particle

detectors;

G. L. Miller (then of Brookhaven National Laboratories)_

E. W. Thomas and L. V. Medford who designed and

tested the circuitry of the particle experiments;

_"_c _1 _
,_-_
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P. T. Haury and J. E. Austin, who directed the fabrication

of the circuit packages;

G. B. Skewis and members of Branch Shop #3 who did the

mechanical fabrication of the particle detector

hardware;

H. K. Gummel, Bo H. McGahey and D. B. Cuttriss who designed.

built and tested the solar cell damage experiment°

A newcomer to space projects, Mrs. W. L. Mammel

deserves a special note of recognition. It was she who

handled with imagination, persistence, and elegance the

complex problems of data reduction required for these experiments.

W. L. Brown was responsible for the project.
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II. The Particle Experiments

2.1 The Design of the Experiments

2.1.1 The Experimental Objectives

The particle experiments were designed to _easure

the distribution of electrons in the trapped radiation belts

with good spatial and time resolution and to provide information

on the spectral characteristics and angular distribution of

these particles. The primary intent was to study the injection

of new electrons into the trapping region by high altitude

nuclear explosions and the subsequent disappearance of these

particles by atmospheric scattering and other loss mechanisms.

Explorer XV was launched on October 27, 1962, three and one-half

months after the U.S. Starfish I nuclear test in the Pacific and

five days after a high altitude nuclear test by the Soviet Union

on October 22. On October 28, a few hours after launch, the

satellite observed the addition of new particles as a result

of a second Soviet high altitude test. Four days later, on

November l, it detected electrons from the third test in the

Soviet series. There were thus opportunities to observe

transient phenomena associated with impulsive injections of

particles at widely different phases of their time history.

With its apogee at about 4 earth radii, in the outer Van Allen

electron belt, Explorer XV was able to measure the natural

fluctuations 2 in the properties of that particle population.

It was also possible to carry out measurements on relatively

low energy protons whose distribution in space had not previously

been determined.
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2.1.2 The Particle Detectors

All of the particle experiments by Bell Laboratories

on Explorer XV made use of semiconductor p-n Junction detectors

as their particle-sensitive elements. Figure 2-1 shows a

cross-section of one of these devices as developed by Buck,

et al 3 originally for use on the Telstar satellite. The p-n

Junction region of the detector contains a high electric field

developed by an applied bias potential. This region is a solid

state ionization chamber in which holes and electrons created

by a high energy charged particle are collected and produce an

output pulse. Holes and electrons are generated in silicon in

proportion to the energy lost by incident particles. Thus the

output pulse of charge is in magnitude proportional to the amount

of energy the particle loses in the active, field containing

region of the device. This region is disc shaped in the device

of Fig. 2-1, about 2.6 mm in diameter an_ at I00 volt bias,

about .4 mm thick. By making use of the different energy iQss

characteristics of electrons and protons and by changing the

thickness of the active region by a change in bias, it is possible

to distinguish electrons and protons from one another in this

type of device. These detectors have output pulse rise times

of less than .2 _sec. As a result, they can readily be used

to study the particle distribution in the high intensity regions

of the inner and outer Van Allen belts.

A detailed account of the design and fabrication of

these detectors for reliable performance in space is given in

Reference 3. Particles are intended to reach the detector

through an aperture 2 mm in diameter in the lid of the can,
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Fig. 2-1. This aperture is covered with a 0.3 mil Kovar

diaphragm which completes the vacuum tight encapsulation of

the device to avoid changes in its surface. This window

also serves the important function of excluding light and

very low energy particles which are heavily damaging to

semiconductor devices. In the detectors o_ Explorer XV,

additional absorbers are added in front of the Kovar window

to make the minimum mass thickness seen by the particles

approximately 20 mg/cm 2.

2.1.3 The Detector Complement

The experiments utilize six, detectors of the type

described above, mounted in different arrangements of shielding

and provided with different thicknesses of absorber for measure-

ments of electrons of different energies. Table 2-1 lists

the detectors, their approximate threshold energies, their

angular acceptance and their effective geometrical factors.

These will be discussed in more detail in sections to follow°

For all six detectors a pulse height discrimination level of

approximately 0.4 Mev has been established. Detector A is

unique in having a second discrimination level set at 2°7 Mev.

The effective geometrical factors given in Table 2-1 apply at

a detector bias of i00 volts where the detectors have an active

thickness of about 0.4 millimeters. The devices are also

supplied a 5 volt bias in part of the experiment. At this

lower value, the active thickness is reduced to approximately

.12 millimeters. This change reduces the electron detection

efficiency by a factor of approximately I00 because of the low
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probability that an electron will leave at least 0.4 Mev in

such a thin active region. The detection efficiency for low

energy protons is essentially unaffected. By comparing the

counting rates at i00 volts and 5 volts bia_ the proton and

electron components of the counting rate can be separated.

For the output channel E4 with its high discrimination level,

the detection efficiency for electrons is extremely small

and the detector counts only low energy protons.

2.1.4 The Logic of the Experiment

A block diagram of the experiment is shown in Fig. 2-2.

Each of the detectors is followed by a preamplifier, a linear

amplifier and a discriminator as shown, except for Detector A

which has two discriminators as noted above. There are a

total of seven outputs from this detector group, five of which

time share a 21 bit accumulator in the Cosmic Ray Logic box

4
provided by GSFC. The other two go to analog logarithmic

ratemeter circuits also in the CRL box. The basic data taking

scheme for the digital channels is as follows. One of the

outputs in the E1 through E5 group feeds pulses as they are

detected by the associated particle detector into the accumulator

for five frame times of the telemetry encoder, a total of approxi-

mately 1.46 seconds. With accumulation interrupted, the first

eighteen bits are read out in the next three telemetry frames

at two words per frame and three bits per word. During the

five frame counting period the three most significant bits in

the 21 bit accumulator are read out repeatedly. They change

very slowly and provide a measure of overflow of the 18 bit
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portion of the accumulator. After the eight _rame period of

counting and reading with one detector output, the next output

in the E1 through E5 group is examined in the same way. Three

of these five outputs are counted once each 32 frames. Outputs

E4 and ES, however, are further time multiplexed, with E5 being

examined only once on the 5x3 count-and-read cycle in each

160 frames.

The log ratemeter circuits fed by E6 and E7 are

digital to analog converters that produce an analog output

in proportion to the total number of events or counts that

have occurred in a fixed time. They store pulses as charge

on capacitors and dump this charge when read out. Leo Davis,

who has used these circuits in Explorer XII 5 and XIV as well

as on Explorer XV, generously provided them for use in the

BTL experiments. Each log ratemeter is read once each frame.

The intent of these measurements_ taken with Detectors E and F

with their narrow cones of angular acceptance_ is to determine

the angular distribution of the trapped particles by examining

the counting rates at different orientations of the satellite

in its spin. To increase the angular resolution of the measure-

ment the log ratemeters are dumped twice each frame, although

they are read only once. Thus, information is stored for

essentially .i46 second before each readout. Because of the

anomalously high spin rate of the satellite (73 rather than

the expected i0 rev per min.) even this half frame storage

time corresponds to 64 ° rotation. This is unfortunately large

for obtaining useful results on the angular distribution of the

trapped particles.
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Electrical bias is supplied to the particle detectors

from the bias box shown at the bottom of the block diagram,

Fig. 2-2. The bias is switched on a 320 by 960 frame basis,

all detectors being at i00 volts for 960 frames (about 280

seconds) and at 5 volts for 320 frames (about 93 seconds).

This provides for distinguishing protons and electrons as

described above. The change in bias has the additional

important effect of increasing the detector reliability.

Continuous operation at high bias in the presence of high

intensity ionizing radiation in some cases leads to increases

in detector noise because of increases in surface leakage

6
currents in the device. It has been found that programmed

cycling of the bias between high and low values as provided

in Explorer XV substantially reduces the probability of this

mode of failure.
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2.2 Mechanical Design and Construction

2.2.1 The Main Detector Box

The BTL detector box, assembled with the six particle

detectors and their associated electronic circuits, is shown

in Fig. 2-3. The two protruding turrets are omnidirectional

mounts containing Detector B on the right and C on the left.

In the center of the box is a block containing the other four

detectors, F, E, A, and D in order clockwise starting from the

upper left. There are six coaxial test jacks along the upper

edge of the front of the box. One of these is connected to

the input of each preamplifier so that test pulses can be

introduced for checking the electronic system. These points

also permit test measurements of the bias on each detector.

The box as mounted on the spacecraft can be seen in Fig. 2-4.

All of the detectors look out perpendicular to the spin axis

of the satellite. The two omnidirectional detector mounts

protrude through the cover of the satellite and view an almost

unobstructed 2_ solid angle. In the photograph, the block of

four detectors is covered with tape to exclude dirt during

spacecraft integration. These detectors have sufficiently

narrow cones of particle acceptance that they do not need to

protrude through the skin. The six test Jacks have clearance

holes which provide access for tests on the assembled space-

craft.
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The main detector box is made of aluminum sheet.

The detector blocks are attached to the front and bottom of

the box and extend several inches inside in depth. A view

of the back of the box with the cover removed is shown in

Fig. 2-5. A thin sheet-alumlnum crate structure supports

the electronics of the six detectors in individual shielded

compartments and adds rigidity to the completed assembly.

Figure 2-5 was taken before final foaming of the package. The

vacant spaces around the stake-on terminal arrays at the back

of the box and around the detector mounts and the circuit

modules are completely filled in this process.

2.2.2 Detector Mounting Blocks

The block-of-four detector mount and one of the

omnidirectional detector mounts are shown in exploded view

in Fig. 2-6. Engineering drawings of these two assemblies

are included as Figs. 2-7 and 2-8, respectively. Each p-n

Junction detector, such as shown in Fig. 2-1, is enclosed in

a cartridge subassembly as shown in Fig. 2-9. One of these

is spread out to show its parts in front of the block-of-four

mount in Fig. 2-6. The detector cartridge is fitted at the

back with a gold-plated pin which plugs into a mating jack

inside the mounting block. This arrangement removes the

necessity of soldering the detector pigtail to the preamp

circuit in a inaccessible part of the circuit assembly and
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makes it possible to insert and remove detectors on the assembled

spacecraft. Almost all of the parts in the detector block assem-

bly as well as the detector box and the crate structure inside

it are aluminum which is gold plated for resistance to corrosion

and for good electrical contact. The electrical ground of a

particle detector itself is a mechanical connection between the

gold-plated Kovar can of the detector, the gold-plated aluminum

cartridge, and the gold-plated aluminum detector mount. These

connections have been entirely satisfactory.

The omnidirectional detectors derive their broad

angular acceptance from scattering domes placed outside the

spacecraft as shown in Fig. 2-4. One of these devices is seen

in the assembly of Fig. 2-8 and is a part of the exploded view

in Fig. 2-6. These domes receive electrons over a 2_ solid

angle. As the electrons penetrate the dome wall they are

multiply scattered and a portion of the scattered electrons

is then selected by the internal defining cone, (see Fig. 2-8)

and presented to the particle detector. The probability of

electron scattering through a given angle decreases with

increasing angle. Thus electrons incident on the dome in a

direction nearly perpendicular to the detector axis are less

likely to reach the detector than those incident along the

detector axis. To compensate partially for this effect the

dome is elongated to provide a larger effective area for

electrons incident from the side. The effectiveness of
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scattering has been enhanced by choice of brass as the scattering

dome material because of its reasonably high atomic number. The

angular uniformity of detection efficiency in the scattering

arrangement will be discussed in Section 2.4.

Since large angle multiple scattering is much less

probable for protons than for electrons, protons see the detector

through an aperture defined by the internal cone alone. The

thickness of dome wall protons must traverse to reach the detec-

tor is not independent of angle in this dome geometry, however,

and the geometrical factor changes slightly with proton energy

as a result.

2.3 Electronic Circuits

2.3.1 Circuit Elements of the System

Each of the blocks in the BTL portion of Fig. 2-2

represents a circuit module of which there are four main types:

the preamplifier, the linear amplifier, the discriminator, and

the bias supply. Schematics of the first three of these are

shown in Fig. 2-10. The circuits are similar to those used in

the TelstarTsatellites with modifications made primarily to

increase the maximum counting rate of the experiments. In the

preamplifier, Part A of Fig. 2-10, a speedup was accomplished

by taking the faster signal from the emitter of Q3 rather than

from the collector, and by eliminating the output transformer.

This decresed the rise time of the preamplifier to less than

O.1 _ sec. The time constants of the two differentiating



2-12

networks which shape the pulse were reduced to 0.5 _ sec

from about i _ sec. The first differentiation is provided

by R8 and C6 of the preamplifier. The second differentiation

is produced by RI6 at the output of the preamplifier and CI,

the input of the linear amplifier. The linear amplifie_ Part B

of Fig. 2-10, is essentially unmodified from that used in the

Telstar satellites. Provision for the E4 output channel of

detector A is made by taking a lower gain from the linear ampli-

fier as shown in modification Y in the figure. The discriminator,

Part C of Fig. 2-10, is modified by changing the 600 microampere

current output in the Telstar case to a 6.6 volt output in RI8

and adding a p-n-p emitter follower to drive the cable and the

following circuits. This modification eliminates the logic

shaper circuit and its fairly long recovery time (I0 _ sec)

but it does not provide differential pulse height analysis that

was available in the Telstar design°

Schematics of the detector bias supply circuits are

shown in Fig. 2-11. The bias converter is essentially the

same as that used in the Telstar experiments. The bias switch

receives a 320 frame by 960 frame signal from the spacecraft

timing circuits and turns off the bias converter during the

320 frame interval. When the bias converter is off, 5 volts

is supplied to the detector from a voltage divider off of the

17.8 volt spacecraft supply. Failure of the bias supply would
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be extremely serious because it is common to all experiments.

As a result two independent converters and switches are used.

Failure of one of the supplies or one of the bias switches will

not effect the bias presented to the detectors unless one of

the switches fails in such a way that one converter is always

on. In this case the detector bias will be kept at the bias

converter output voltage.

All circuits were designed so that any circuit failure

except the very unlikely case of multiple direct shorts (in-

cluding at least one resistor) will not present a load of more

than 17.8 milliamps to the supply nor will it terminate the whole

experiment. A circuit failure in any of the six channels can-

not effect the other five.

2.3.2 Circuit Construction

With the exception of the preamplifier, the circuit

elements of this system are constructed of two fiberglass

epoxy circuit board wafers forming the top and bottom of a

sandwich with components stacked like cordwood between them.

The interconnections are wired. The preamplifier is constructed

on a single board. The modules are foamed as individual blocks

and mounted to "mother boards" by module component leads.

Figure 2-12 shows a pair of the mother board assemblies. The

block marked 17 contains a single discriminator and that marked

l_ two discriminators such as are used in output channels E1
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and E4. These mother board assemblies are placed in the com-

partments of the aluminum crate structure as seen in Fig. 2-5.

Figure 2-13 shows a mother board assembly of the bias supply

which is mounted in the spacecraft in a box separate from the

main detector box. In this figure the two bias switch modules

are still unfoamed.

2.3.3 Circuit Performance

The temperature stability of the threshold on a

typical detector channel is shown in Fig. 2-14. The threshold

sensitivity was measured with a pulser providing calibrated

charge pulses to the preamplifier. These are expressed in

equivalent particle energy as in Table 2-1. All channels

operated satisfactorily from -80 to +I00°Co The threshold

sensitivity increased with temperature by about 35% at the

extremes of this temperature range but in the conservative

range of possible operating temperatures from -20 to +60°C

the variation is less than _. Figure 2-15 shows the sen-

sivitity of this channel as a function of the supply voltage.

Over a ± 2 volt range around 17.8 volts, the voltage of the

spacecraft supply rail, the variation is seen to be less than

Figure 2-16 gives the paired pulse resolution of

the detector channels as a function of the pulse magnitude.

The measurements were carried out with a paired pulse generator
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producing two charge pulses of equal magnitude and variable

spacing. The magnitude is plotted in the figure as a ratio

to the threshold of the channel as defined for widely spaced

pulses. The two sets of data are for a channel with a single

discriminator (output E3) and for the upper discriminator

level of detector A (output E4). At the threshol_ pulses of

approximately 5 microsecond separation are counted as two

pulses and pulses more closely spaced are seen by the system

as only one. As the magnitude is increased the minimum

distinguishable time separation decreases slowly. In counting

electrons in one of the p-n Junction detectors, the pulse height

distribution is heavily weighted to small values and the effec-

tive paired pulse separation is approximately 4 microseconds.

2.3.4 Environmental Testing

The completed units were tested at BTL between -i0 °

and +50°C with no failures. They were also tested under swept

sinusoidal vibration at flight acceptance levels with no failures.

The flight 1 package, however, developed a failure in channel E1

during random vibration on the assembled flight 1 spacecraft

before thermal vacuum testing. The failure was found to be due

to a deposited carbon resistor which developed an open circuit

during vibration. This failure was traced to a particular batch

of resistors manufactured with improper adjustment of the

terminal forming machine. No other failures occurred in the
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test series. The flight I BTL package was replaced on the space-

craft by the flight 2 unit during the investigation and correction

of the failure in channel EIo It was this spacecraft that was

launched to become Explorer XVo
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2.4 Detector Calibration

2.4.1 Detector A, Channel E1

The detection characteristics of this detector have

been measured with a Sr 90 beta source and with monoenergetic

electrons up to 2 Mev. The angular response of the detector

is shown in Fig. 2-17 with the Sr 90 source. Measurements were

made with essentially point source geometry. The detector is

displaced behind the truncated end of the entrance cone of the

shielding block in order to reduce the probability of electron

scatter into the detector, (see Figs. 2-7 and 9). The sharpness

of the cutoff in the detector response near i0 °, the geometrical

edge of the detector aperture, indicates the success of this

design.

Figure 2-18 shows the geometrical factor of the

detector for monoenergetic electrons. For energies up to

one Mev, an electron Van deGraaff at BTL, Murray Hill was

used in these measurements, and for the higher energies, a

Van deGraaff at MIT 9 . The detector's effective geometrical

factor rises steeply at about 0.5 Mev as electrons succeed in

penetrating a 20 mg/cm2 entrance window and satisfying the

0.4 Mev pulse height requirement of the discriminator. The

mathematical geometrical factor given in Table 2-1 is approxi-

mately 29×10 -4 cm2 steradian. Thus the peak efficiency of

the detector, which occurs at an energy of about 1.7 Mev is

between 35 and 40%. The active thickness of the silicon p-n
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Junction detector is .37 mm and a minimum ionizing electron

will on the average lose only about .15 Mev in passing through

it. The discriminator level was set considerably higher than

this to avoid possible problems of detector noise. Thus the

detector efficiency goes through a maximum for electrons that

stop with high probability in the active thickness and slowly

decreases toward higher energy as the mean energy loss drops

below the discrimination level. The average geometrical factor

clearly depends on the spectrum of electrons, but for an expo-

nential spectrum with an e-folding energy of I Mev, the geomet-

rical factor for electrons above 0.5 Mev is 6.5xi0 -4 cm 2

steradian.

2.4.2 Detector B, Channel E2

The angular response of this detector is shown in

Fig. 2-19 as measured with a Sr 90 source. This detector depends

on the properties of the brass scattering dome for its wide

angle characteristics as described in Section 2.2.2. The curve

1/2 (i + cos e) shown on the figure is the response that would

be obtained if the electrons were isotropically distributed in

angle when they penetrated a truly hemispherical dome. The

actual dome is elongated to compensate for the incompleteness

of the scattering, but the detector is nonetheless a factor

of approximately 2 down in response at 90 ° . From the standpoint

of measuring an omnidirectional flux by averaging the counting

rate of this detector as the satellite rotates around its spin

axis, this discrepancy is undetectable.
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Figure 2-20 shows the effective geometrical factor

for monoenergetic electrons up to 2.8 Mev. The brass dome,

0.42 g/cm 2 in thickness, broadens the rise of the detector

response because of the statistical variability of electron

energy loss in penetrating the dome. It was not feasible to

extend the measurements above 3 Mev and the dashed line is a

reasonable extrapolation to higher energies. Because of the

variability of the electron energy loss in this relatively

thick absorber, it is likely that the curve will come down at

high energies only very slowly if at all. The measured curve

has been approximated by an ideal step in detector effective

geometrical factor from zero below a threshold to a constant

value above. Using a fission electron spectrum the effective

threshold is found to be 1.85 Mev. For a soft exponential

spectrum with an e-folding energy of .5 Mev the threshold is

found to be 1.8 Mev. These values may be compared with the

estimated 1.9 Mev energy for half penetration of the shield

with 0.5 Mev average penetration energy. For simplicity this

detector will be said to measure electrons above 1.9 Mev.

2.4.3 Detector C, Channel E3

This detector has a brass scattering dome .84 g/cm 2

in thickness. This is too thick to make measurements with a

Sr 90 source and too thick even using the high energy

Van deGraaff to see more than the start of its energy depend-

ence. As a result, the geometrical factor and the equivalent
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threshold energy for this detector have been estimated by

analogue with detector B.

2.4.4 Proton Detection in Detector A

Figure 2-21 shows the computed response of detector A

to protons under the two conditions of detector bias and with

the two discrimination levels corresponding to channels E 1 and

E4. The energy deposited in the detector, AE, rises from zero

as protons are able to penetrate the 20 mg/cm 2 window of the

detector. The energy deposited meets the requirements of the

low discrimination threshold at an incident proton energy of

about 2.1Mev and a high threshold at approximately 4 Mev.

The curve is double valued because of the lower energy loss of

protons having ranges greater than the active thickness of

the device (.37 mm at I00 volts bias; .105 mm at 5 volts bias

as measured with 18 Mev protons from the Princeton cyclotronlO).

This double valued character of the curve defines bands of

energies within which protons can satisfy the pulse height

discrimination requirements. The detector will detect protons

with essentially 100% efficiency within these energy bands.

The effective geometrical factor of the detector for protons

is essentially the mathematical geometrical factor determined

by the entrance cone and aperture.

2.4.5 Directional Detectors E and F

The lower energy directional detector, detector E,

is very similar to detector A in characteristics but with a

smaller entrance cone. This cone was provided to improve the
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angular definition of the measurements. With the high spin of

the satellite a larger aperture with its associated improvement

in statistics would have been more valuable.

The detector F was arranged to have a similar threshold

to the omnidirectional detector B. The absorber, however, is
<

at the bottom of the entrance cone, in the cap of the detector

cartridge, in order to preserve the directional properties of

the detector. The counting statistics observed in this detector

are poor and as in detector E, a larger aperture angle would

have been more valuable under the conditions of particle flux

and at the spin rate at which the experiment was performed.

2.4.6 Background Detector D

The active device of this detector is e_sentially

identical to those of the other five detectors. Buried in the

block-of-four with a solid front plug this detector is measuring

bremstrahlung from electrons stopped in the housing and the

additional small contribution from protons with energies of

more than 70 Mev.
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2.5 Performance in Space

For most of the active life of the satellite the

experiments functioned extremely well and provided a large

quantity of useful data. The anomalously high spin rate of

the satellite reduced the value of the directional detector

information from channels E6 and E7 very seriously. Apart

from this difficulty, there were two failures which affected

only the results of the BTL experiments. These are discussed

below.

2.5.1 Difficulty in the Encoder

Beginning on about November 9, all digital channels

of BTL data began to show errors simultaneously. 0n November

15th the error rate was extremely high, and in fact the general

trend of the data was barely visible. By November 21, however,

the errors were no longer present. The predominant error seems

to have been that the most significant bit of each octal number

(the three bit-per-word readout of the register mentioned in

Section 2.1._ preferred to be a "I" instead of a "0". This

failure in the GSFC equlpment was investigated by R. Van Allen

and U. Desai. The 21_blt register apparently was scaling

correctly and since the failure was evident in all octal numbers

read from the reglster, it must have occurred in the amplifier

following the register or in the clamp on the voltage controlled

oscillator in the encoder. The first transistor in the ampli-

fier would be most susceptible to errors due to leakage
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8
currents. This possibility was investigated by BTL. The

results show that the radiation dose at which failure in the

significant transistors occur is orders of magnitude greater

than the dose it is estimated they received in orbit. Thus,

failure due to radiatlon-produced leakage does not seem to be

a probable cause of failure. The actual source of failure

has not been determined.

The possibility of machlne-correctlng the data was

examined. However, it did not seem possible to correct more

than the two most significant octal digits by examining the

progression of the numbers. This process would have been

extremely difficult and time consuming and of doubtful reli-

ability. Since the failure cleared itself in about I0 days,

attempts to carry out these corrections were abandoned.

2.5.2 Failure in Channel E3

0n December 23, at approximately 070_ channel E3 at

high bias suddenly became noisy. From that time until the end

of Explorer XV's useful life in space, the output of channel E3

at high bias remained pinned at a counting rate of approximately

150 kc. The data at low bias showed no corresponding effects

throughout this time. Failure of detectors under high bias

and radiation have sometimes been observed in laboratory tests

as a gradual increase in noise due to changes in the chemistry

6
of the device surface. A sudden failure such as observed



2-24-

is difficult to attribute to surface changes. It is possible

that detector failure of some other type occurred. Alternatively,

a component within the preamplifier which sees detector bias

may have broken down and generated noise only at high bias.
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2.6 Data Processing

2.6.1 Data Presentation

The original digital data from the BTL experiments

have been machine sorted into individual detector channels

and merged with the ephemeris information concerning the

position of the satellite in the Mcllwain magnetic coordinates

B and L, ll Since Explorer XV is a satellite with low orbital

inclination its most important motion from the standpoint of

the trapped particle distribution is across lines of constant

L. As a consequence the merged and sorted data is presented

in machine made plots of the observed counts in each channel

as a function of L. A plot is made for each half orbit of

the satellite, the separation between plots being decided on

the basis of maxima and minima in the L coordinate.

A plOt of the results for channel E1 of Detector A

for the first half orbit of the satellite in space is shown

in Fig. 2-22, The abscissa is L, and the complete range of

the magnetic shells accessible to the satellite is included

between L = i and 5. This pass is outgoing (increasing in L

with time) as indicated by the arrow at the top of the plot.

The pass starts on October 27 at 2341, about ii minutes after

injection of the satellite into orbit. The heavy line marked

B shows the trace of the satellite position in magnetic field

intensity as the satellite moves to increasing values of L.
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The data for channel E1 are plotted as individual points,

the upper set corresponding to the detector at high bias,

the lower set to the detector at low bias (see Section 2.13).

Each data point is the number of counts recorded in the 21 bit

register of the CRL box during the 5 frame (1.46 seconds)

storage interval. The points are separated in time by 32

frames (approximately 9.3 seconds) and by a distance in L

which depends on the details of the satellite orbital motion.

The data sampling period is small enough to provide an almost

continuous curve.

In the high bias data there are two maxima in

intensity, the first at L approximately 1.4 earth radii, the

second at the extreme value of L, approximately 4.5 earth

radii. These correspond to the inner and outer Van Allen

belt maxima. The relative importance of electrons and protons,

for both of which E1 at high bias has a high sensitivity, can

be seen immediately by comparison with the low bias data. In

the region of the outer belt the low bias points fall below

the high bias points by approximately a factor of i00. This

is the effect to be expected for electrons. A similar situa-

tion exists at the smallest values of L. In the region between

L = 1.8 and 3.0 however a major part of the high bias counting

rate is due to protons, since the low bias rate is less than
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an order of magnitude smaller. There is thus a maximum in

the intensity of protons with energies above approximately

2.1 Mev (Fig. 2-21) occurring at about L = 2.0.

The large scatter in the data points at low bias

in a region beyond L = 3.0 is due to statistics. At L = 3

the average number of counts recorded is approximately 20

and the statistical variations in the number measured is

consistent with random particle arrival. At a value of

L = 1.4 for high bias however this is not the case. The

points are very smooth between L = 1.55 and 2.0, but in the

region of the maximum intensity where the statistics are even

bette%there is a substantial scatter in successive readings.

This is due to the directional properties of Detector A and

to the finiteness of the counting interval for a data point.

The satellite is rotating at approximately 73 rpm. In the

1.46 second sampling time for the detector output the sat-

ellite rotates 1.75 times. During one rotat&on the detector

looks perpendicular to the local magnetic field twice. What-

ever the distribution of particles in pitch angle, the flux of

particles into the detector will be symmetrical around these

two points. In 1o75 rotations, a minimum of 3 and a maximum

of 4 passes will be made through the perpendicular, depending

on the phase of the spin with respect to the encoder timing.

Under very special conditions the readings from channel E1

might show a modulation as large as 4 to 3o The observed

modulation is less than half this much°
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Figure 2-23 gives the results of channel E1 during

an inbound pass on January 3, 1963. The pass has a somewhat

different trace in B than Fig. 2-22 and is more nearly equatorial

between L = 1.4 and 4. The maximum L is also larger as a

result of the precession of apogee of the orbit toward its

maximum in latitude. The character of the outer belt electrons

is quite different as the result of a large change which occurred

starting on December 18, 1962. This will be discussed in more

detail in Section 2.7. The maximum intensity of the inner belt

is very much the same as seen in the two figures although the

shape of the maximum is different because of differences in

in the B variation along the orbit. Modulation arising from

the directional character of the detector is apparent out to

L _ 3.5. In the region between L = 2.2 and 3.4 there are

almost no measurable electrons. The high and low bias response

of the detector are almost identical, as they would be ideally

if only protons were being counted. This difference in

comparison to the results of Fig. 2-22 is due to the loss in

electrons which were present at the time of the earlier data.

The electrons present in the slot between the inner and outer

belts on October 27 were produced by the Soviet nuclear ex-

ploslon on October 22. They disappeared in this region rather

rapidly.
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Figure 2-_@ is a set of data for channel E2 on the

first outgoing pass of the satellite as in Fig. 2-22. The

maximum in the inner belt is not apparent in this figure.

In comparison with Fig. 2-22 this shows that the peak of the

inner belt for higher energy electrons is at smaller values

of L. The decrease in flux on the high L side of the inner

belt is steeper for the electrons greater than 1.9 Mev than

for those greater than 0.5 Mev. There is also structure in

the L = 1.8 to 2.0 region which does not show at the lower

energies. These peaks in intensity probably are a result of

the first Soviet test. There are other differences between

Figs. 2-24 and 2-22: the region of the slot between the

inner and outer belts is remarkably uniform in intensity

between L = 2 and 3.8 at higher energies, and the rise toward

the outer belt maximum occurs at large values of L. Notice

that there is no scatter of the data points between L = 1.3

and 1.5 as in Fig. 2-22. Detector B is omnidirectional so

that it is not subject to the same questions of the phase of

satellite rotation with respect to the encoder timing. The

low bias data do not follow the high bias results, depressed

by a factor of i00. The spacing of the clusters of data is

too large to deduce a shape for the distribution, but except

in the region below L = 1.5, where the electrons make a sub-

stantial difference, the low bias response is probably due to

protons of greater than 15 Mev.
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Figure 2-25 is a set of data for the same pass as

Figs. 2-22 and -24 but for output channel E4. There is a

single maximum at L approximately 1.85 in the high bias

results. These are protons above 4 Mev. The low bias data

are at such low counting rates that no systematic shape is

distinguishable. The detector may count in this mode due to

a very narrow band of protons as shown in Fig. 2-21, but it

also may count due to background particles penetrating the

absorber outside the acceptance cone.

All of the data for the output channels of detectors

A through D have been plotted in this way to provide direct

inspection of the conditions of the experiment and the manipu-

lation of the data and to permit examination of at least the

qualitative results. There are a maximum of 9 half orbits of

Explorer XV per day. Thus there are 9 plots for each output

channel per day, a total of about 4000 plots for the life of

the satellite. Visual inspection of plotted results is sur-

prisingly quick and a week of data can be scanned in about

one hour.

2.6.2 Data Interpolation

The data have a number of features which need to

be preserved and yet the number of data points is too large

to work with in its entirety in a reasonable way. With a

point every 9.3 seconds, a pass from maximum to minimum L,

requiring about 2.7 hours, contains over a thousand data
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points for a single detector channel such as El. The high

density of points can be used in either of two ways. In

regions where the flux of particles is not changing rapidly

with L, the large number of data points can be used to improve

the statistical definition of that flux, by taking some sort

of average. In regions where the flux dependence on L is very

sharp, such as the bottom edge of the lower belt in Fig. 2-23

and the peaks near L = 1.9 in Fig. 2-24, the fineness in the

grain of the data can be used to define the position and shape

of such structure. There are, of course, places where the

data for a particular channel is nonexistent, either because

it wasn't received from the satellite in suitable form for

processing or more often because the programmed bias changes

produce holes in the high bias data and clusters of points

at low bias. An elaborate system of machine smoothing and

interpolation has been used to provide values of the counting

rate or flux at specific values of L.

listed in Table 2-2 below.

TABLE 2-2

These 62 L values are

1.10 1.26 1.45 1.76 1.92 2.2 2.8 3.8

1.12 1.28 1.50 1.78 1.94 2.25 2.9 4.O

1.14 1.30 1.55 1.80 1.96 2.3 3.0 4.2

1.16 1.32 1.60 1.82 1.98 2.35 3.1 4.4

1.18 1.34 1.65 1.84 2.00 2.4 3.2 4.6

1.20 i_36 1.70 1.86 2.05 2.5 3.3 4.8

1.22 1.38 1.72 1.88 2.1 2.6 3.4

1.24 1.40 1.74 1.90 2.15 2.7 3.6
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The spacings between these chosen L lines is small in the

region of the very rapid rise at the bottom of the inner

belt and between L = 1.7 and 2.0 where new particles were

introduced with detailed structure by the Soviet explosions

in October and early November. It has been found necessary

to use different processes of smoothing and interpolation in

different parts of the coordinate space in order to get satis-

factory results. Smoothing of the E1 response has been

accomplished with a mathematical filter at the appropriate

frequency. 12 The actual mathematical form of the L and B

dependence of the flux of any particular class of particles is

not known, particularly in the complicated time immediately

following injection of new particles_ and a visual criteria

of satisfactory interpolation has been required.

Figure 2-26 is a replot of the data shown in

Fig. 2-22. The machine interpolated values are indicated on

the figure by small plus signs for high bias and small minus

signs for low bias. The plus signs are almost indistinguish-

able from the data except where there are low bias breaks.

A Judgment of the correct curve in the low bias case is, of

course, made more difficult because of the broad spacings

between the neighboring sets of points, and it is not obvious

that the machine choice around L = 1.6 is ideal. One way of

expressing the degree of satisfaction with the interpolated

results is to ask how nearly they fit on the curve one would
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have drawn by hand through the existing points. This

"eyeball" criteria is a remarkably severe one for the computer

to satisfy. At places where this criteria shows the machine

values are incorrect or where the machine has interpolated

across regions where structure may exist, the L-tables are

edited accordingly.

2.6.3 GammaCorrection

For an omnidirectional detector such as detector B,

the observed counting rates can be converted to omnidirectional

flux simply by use of the effective geometrical factor of the

detector. This is not the case, however, for a directional

detector such as detector A. The detector looks out at right

angles to the spln-axis of the satellite and measures an

average flux as the satellite rotates which is not in general

equivalent to the omnidirectional flux because of the aniso-

tropic distribution of the particle pitch angles in the local

magnetic field. The geometry of this situation is shown in
J

Fig. 2-27. Here the spin-axis _ makes an angle 7 to a local

field vector B. The detector is shown as a cone whose axis

rotates around _. When A = 0 and _ the cone is looking out

perpendicular to the magnetic field. At A = 7/2, the

detector is looking out at angle w/2 - 7 with respect to the

field. Trapped particle flux may be defined in terms of the

local pitch angle distribution f(cos _) where _ is the angle

between a particle's velocity vector and B. Ordinarily,
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f(cos _) has a maximum at cos _ : 0, that is for particles

moving at right angles to the field line and thus mirroring

at the position of the satellite. If y = 0, the detector

is always looking perpendicular to B as well as to _, and the

average flux it will observe will be higher than the true

omnidirectional flux, the average over an entire sphere.

However, if y : w/2, the detector cuts through the perpen-

dicular to B twice each rotation_ and also looks parallel

to B twice each rotation, and its average is less than the

average over a sphere. A y correction is needed for this

effect.

Figure 2-28 shows the ratio of the omnidirectional

flux to the average directional flux as measured in a detec-

tor with 20 ° full cone angle (Detector A). The various curves

are for different particle distributions all of which were

assumed to be of the form _ -- sin n _. For n = 2 the distri-

bullion is rather broad and the detector only fails to measure

the omnidirectional value of the flux by about 30%. At n = 64,

however, the distribution is sharply confined near _ = _/2 and

the discrepancy becomes 1.55 at y = 90 ° and .195 at y - 0.

The y correction is carried out in an iterative

process, since it depends on the local pitch angle distribu-

tion which in turn depends on the change in intensity as a

function of B along a given L line. The uncorrected data as

a function of B, interpolated as in Section 2.6.2 to a
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particular field line, is used to derive an approximate

equitorial pitch angle distribution for that line. 13 This

is then transformed along the line to the position of a

particular data point in B, to produce the local pitch angle

distribution. With this local distribution the individual

data point can be corrected for 7. All the points on the

llne are similarly handled and the first corrected set of

data produced. This is then used to derive a new equitorial

pitch angle distribution and the iteration continues. In the

first attempts at 7 correction, the local pitch angle distri-

bution was approximated by functions of the form sin n a, like

those in Fig. 2-28. This constraint on the local pitch angle

distribution has been removed and the 7 correction is carried

out by use of a matrix. The response of a particular detector

to a conical shell of particles in a narrow interval of local

pitch angle is computed for various values of 7 and for

various narrow shells. This matrix of numbers then makes it

possible to deduce the correction for any value of 7 (by

interpolation between the matrix entries) and for any local

pitch angle distribution, by properly weighting the response

to the original narrow shells of particles.
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2.7 Results

2.7.1 Early Data

On October 22, 28, and November i, the Soviet Union

carried out three nuclear tests which introduced new particles

into the radiation belt in the region above L = 1.7. The

second of these occurred only a few hours after the Explorer XV

Satellite had been put into orbit. Figure 2-29 illustrates the

observations of channel E1 for the first passes of October 28.

The figure is a _,L plot of the omnidirectional flux of electrons

with energies >0.5 Mev. On these particular orbits the satellite

was nearly equitorial in the magnetic coordinate space so that

the figure is an almost equitorial representation of the

particle distribution. The curve marked I p was obtained on the

second half of the first orbit of Explorer XV as it returned

from apogee at an L of approximately 4.4. This pass crossed

L = 2 at 0407 on October 28. Curve i t clearly shows the inner

side of the outer electron belt, the slot, and the rise toward

the inner belt maximum. Curve 2 is the outgoing half of the

next orbit and the particle distribution has radically changed

with the addition of electrons above L : 1.8. This orbit

crosses L = 2 about one hour after the orbit i t. The initial

transient of new particles is not yet complete at this time as

evidenced by the further increase in flux seen on the returning

half of the second orbit some four hours later, curve 2 t. The

fortuitious observation of this transient illustrates the
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longitudinal drift of magnetically trapped particles. At L _ 2

on orbit 2 the satellite is over the Altantic and observing

electrons which have drifted eastward around the world from

their injection by the explosion over Asia. For 0.5 Mev

electrons the drift rate on L : 2 is approximately 5.7°/min. 14

For the 270 ° of longitudinal drift required, the corresponding

time is 47 minutes. On L : 3, the drift rate is 3.8°/min.

During the time between its passage across L : 2 and 3, the

satellite is moving eastward at approximately l°/min. On all

of the significant L shells the particles are thus drifting

faster than the satellite and catching up with it on their

first transit around the earth. From the drift rates on

different L shells, it is possible to deduce the time at which

the injection of new particles must have taken place to be

consistent with the observations. This time cannot be determined

with great precision because of the energy dependence of the

drift rate, but it appears to have been 0440 + i0 minutes.

On orbit 2 _, Fig. 2-29, the electrons have drifted at least

five times around the earth. The distribution in various

L shells should be longitudinally quite uniform.

Figure 2-30 shows the results for the same passes as

in Fig. 2-29, but for the detector channel E2 measuring

electrons above 1.9 Mev. On orbit i t, in this case, there

are two small spikes in electron intensity at about L = 1.85

and 2.0. These were noted previously in connection with Fig. 2-24.
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These seem to be the remnants from the first Soviet test

six days earlier. There is no question but that much of the

flux between L = 2 and 3 is also left over from that earlier

test since the slot region is not nearly as deep as it was

observed by Telstar 1 15 to have been Just before the Soviet

test series. In orbit 2 on Fig. 2-30, the new electrons of

greater than 1.9 Mev have clearly already arrived. In fact,

in comparison with orbit 2r, there are more electrons seen

earlier than later. This does not seem to be a decay phenomen

but rather a decrease in flux associated with the longitudinal

dispersion of the originally rather well clumped group of

electrons. The drift rates for 1.9 Mev electrons on L -- 2 is

approximately 20°/min. These particles are probably being

observed on their second transit around the earth. If they

were in their first transit the injection time would have to

have been at about 0500, rather late for the lower energy

particles seen in Fig. 2-29. The structure in the electron

distribution as observed on orbits 2 and 2 t, is quite complex

and can in principle at least be related to the motion of the

radioactive fragments carried in the expanding plasma of the

nuclear explosion.
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2.7-2 The Energy Spectrum

In Figs. 2-31, -32, and -33 results from channel El,

E2, and E3 are shown together for the first passes of the satellite

to illustrate the L variation in the energy spectrum along

the equator. The vertical spacings between these curves on

the semilogarithmic plot give the relative spectral hardness

of the electron distribution. From Fig. 2-31 for orbit I' the

residue of the first Soviet explosion is seen at greater than

1.9 and greater than 2.9 Mev, but is not distinguishable as

sharp structure at greater than 0.5 Mev. In the outer belt

region the detectors indicate fluxes approximately in the ratio

l:.l:.01. In the bottom of the slot at about L = 3 the ratios

are 1:.8:.3 a very much harder spectrum. In Fig. 2-32, orbit 2,

the peak of the inner belt is seen to have ratios 1_°3_o09o

These are in quite good agreement with the equilibrium spectrum
16

of electrons created in fission beta decay° The electrons

in the inner belt peak are dominantly those produced by the UoS_

Starfish test, and in the peak region they have not decayed

very much between July and the end of October as observed by

Telstar I. 15 Between L = 1o8 and L _ 3 the spectra in Fig° 2-32

are confused by the transient of the newly added electrons in

their drift around the world immediately after the second test°

Figure 2-33 shows the electron distribution after it had time

to disperse uniformly in longitude. Comparing these curves

with those of Fig. 2-31 it is clear that electrons of greater
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than 0.5 Mev have been added out to as far as L = 3.2 or 3.3

whereas no significant number of the higher energy electrons

has been added above L = 3. This indication that the spectrum

of added electrons is not everywhere the same is born out by

comparisons over the whole L region in which new particles have

been added. Even at the maxima at L = 1.85 and 2.15 in Fig. 2-33

the spectra are different and in neither case are they what would

be expected from beta decay of fission fragments. Somehow in

the injection process flhe electron energies are reduced,

possibly by the mechanism of Fermi deceleration in collision

with the walls of the expanding plasma from the explosion as

suggested by Hess. 17 Similar phenomena apparently occurred

in Starfish as well, and served to produce a much softer spectrum

of electrons at large L values than at small. Through such

spectral differences and the difference in the detector response

characteristics it is possible to account in a qualitative way

for the apparent discrepancy between the Telstar I and InJun I

18
measurements of the Starfish electron distribution in space.

Figure 2-34 shows the situation on November 3

following the third Soviet test on November I. The actual

data are presented:in the region between L = 1.5 and 2 to

illustrate how narrow and well defined the spike of injection

was at about L = 1.78. Unlike the earlier tests, the third

test seems to have added no significant numbers of electrons
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outside of the single narrow spike. At L = 1.85 and above,

the electrons from the second test appear with decreased flux

in comparison with Fig. 2-33 because of particle decay over

the week since their introduction. The decay of particles in

the well defined injection peaks from these two tests appears

to occur by loss on the L shell, not by diffusion between L

shells. That is, the peaks do not broaden substantially as

they decrease in magnitude with time. This is to be expected

of Dungey's 19 whistler loss mechanism but perhaps not by a

mechanism which produces a general mixing of the different

field lines due to broad magnetic disturbances.

2.7.3 B and L Dependence of the Electron Distribution
and Decay

In Fig. 2-35 the > 1.9 Mev electron distribution is

shown as a function of B, along the L = 1.75 line for several

intervals of time. The minimum value of B in the figure cor-

responds to the equator on this field line. The orbit of

November 3 in Fig. 2-34 contributes one of the near equatorial

points in Fig. _-35. The electron flux decreases with increasing

B in all cases in the figure. This is equivalent to saying that

the distribution of mirror points is peaked at the equator. The

triangles in Fig. 2-35 which fall in with the solid circles

of the December 14-18 time interval are points measured before

the third Soviet test. This region at L = 1.75 has been

essentially unaffected by the earlier tests so the triangles
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give enough data points to define a "before" particle distribution

on this fie_d line rather well. The new particles added on

November I not only increase the equitorial flux as indicated

in Fig. 2-34 but also drastically alter the distribution of

electrons in B. The very flat uppermost distribution that is

produced, gradually loses its anomalous shape over the next few

weeks and reassumes the approximately linear dependence of

log _ on log B it had before the test. The whole distribution

then decays together. More rapid disappearance of particles

at large values of B and the decay of the distribution as a whole

at long times are to be expected in processes controlled by

diffusion of particle mirror points along field lines with

ultimate particle loss in the atmosphere. This is the situation

found by Hess 20 and by Walt 21 for lower L values where the

atmosphere controls the whole process. It should also be expected

in the whistler controlled diffusion of Dungey. 19 The fact

that the flux in January in Fig. 2-35 has dropped below the data

of the triangles for late October is presumably due to a

continuing decay of electrons either from the Starfish test

or from the first Soviet test.

Figure 2-36 is analogous to Fig. 2-35 but for L = 2.0.

There are now only two data points (triangles) before the test

on October 28. One of these corresponds to the outgoing, the

other to the incoming pass of the first orbit of Explorer XV.
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The equitorial point is that for orbit I t of Fig. 2-30. The

star marked "earliest point," is for orbit 2, at which time

the high energy electrons had not dispersed in longitude. At

L = 2.0 the _, B variation shows a maximum off the equator, an

even more anomalous distribution than that on L = 1.75. Such

a distribution results from injection of new particles _ar off

the equator. This shape rapidly disappeared and the decay

process carries past the triangles of October 28 because of

continuing decay of electrons from the first Soviet test. Results

for a third field llne, L = 2.4, are shown in Fig° 2-37. On

this line the injection is much less anomalous and a steady

state linear dependence of log @ on log B is rapidly reassumed.

Comparisons of Fig° 2-35, -36 and -37 show two

particular features. First, the decay is more rapid on the

higher L lines. This is in agreement with the results of

Telstar 122 following Starfish and observed by Telstar I for

the Soviet tests as well. 15 Second, the slope of the log _,

log B lines decreases with increasing Lo This is qualitatively

consistent with the diffusion mechanism of particle loss because

the ultimate sink for particles in the atmosphere is more

remote for higher L lines. This is shown more extensively in

Fig. 3-38, in log _-log B plots in 15 different L lines for

a time approximately November 22. The curves have been separated

horizontally to avoid overlapping and the vertical marks identify
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specific values of B. The L = 1.8 line stands out above the

others because of the injected particles which have not yet

decayed. It's slope at this time has however approximately

achieved equilibrium.

Detailed considerations of the shapes of the electron

distributions produced by the explosions and the consequences

of the proposed whistler loss mechanisms which may remove

them are in progress. It has recently been found by comparing

the >0.5 Mev electron results from Explorer XV with those of

the Telstar I electron detector measuring electrons of

essentially the same energy Just before the Soviet tests,

that the first Soviet test injected electrons below L = 1.7 as

well as above. There is a definite indication of off equatorial

particles in the later distribution. This observation is presently

being examined.

2.7.4 Protons

The data from channels E4 at high bias and E1 at low

bias have been used to study the distribution of low energy

protons. The equatorial variation of their omnidirectional

flux is shown in Fig. 2-39, together with results from other

measurements of higher energy protons. The 2.1-25 Mev curve,

E1 at low bias, is discontinued at L = 1.7 becuase the inner

belt electrons, even with their low detection sensitivity

begin to dominate the detector. This is evident in Fig. 2-22.

The plot shows protons measured in TelstarI15and I123 and in

24
Explorer XV by McIlwain.
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In all cases there is a single equatorial maximum,

but there is a systematic increase of both maximum proton flux

and the radial distance at which the maximum occurs, with a

decrease in proton energy° This same trend continues to still

lower energies as measured by Davis and Williamsono 5 The

distributions over several months of observation were quite stable°

They represent thus an essentially steady state between particle

source and loss mechanisms. There seems to be no doubt that a

major source for the higher energy protons is provided by the

decay of albedo neutrons produced by galactic cosmic rays and

solar protons reacting with the earth's atmosphere.25 There

also seems to be no doubt that the atmosphere serves as the

dominant loss mechanism controlliDg the very rapid fall off
26

in the proton flux at low altitudes° The source for the low

energy protons, however, and the mechanism which controls the

upper altitude fall off in the flux are still uncertain° It

has been suggested that the protons are lost above the flux

maximum by scattering with hydromagnetic waves in the plasma, 27

the waves perhaps arising at the magnetospheric boundary° It

is also possible that acceleration meGhanisms exist as a result

of magnetic field fluctuations associated with boundary

variations and that the lower energy protons of Fig° 2-39 were

once a part of the low temperature plasma° The importance of

unravelling the details of such possibilities is quite e_vidento
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2.7o5 Outer Belt Electrons

The instability of the outer electron belt has been

known for some time, 2 but Explorer XV has provided a number of

interesting observations concerning the time dependence for

electrons of different energies. Figure 2-40 shows the

time record of greater than 0°5 Mev electrons at L = 4, in

the outer electron belt. The two sets of points divide the

data into near equitorial and off equitorial B regions. There

is very little B dependence as might be expected by extension

of the decrease of the _, B slope observed in Fig° 2-38 for

increasing L o Notice that there is a very rapid electron

flux decline Shown by the early data° It yields an approximately

5 day time constant° The two B regions change together.

Data is missing for about 12 days following day 314, (Section

2o3ol) but when the flux is measured on day 327, it is high

again° There is a second decline with a similar but not identical

decay time. Then on day 352_ there is the start of a very

large increase which in two days amounts to more than an order

of magnitude. This phenomena occurs at the same time as

Snyder 28 has reported observing very large disturbances in the

plasma on the Mariner Spacecraft and large fluctuations in

magnetic field on the earth. On day 354, the flux reaches

a peak and once again begins a rapid decline.
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The situation for higher energy electrons is

interesting in comparison° Figure 2-41 reproduces the curve

drawn in Fig. 2-4.0 to represent the shape of the 0.5 Mev

data. This curve is superimposed on the greater than 1.9 Mev

results with a factor of I0 scale change to make comparisons

easier. The features of the two sets of data are similar,

but note that the 1o9 Mev electrons rise before they decay

in the region of day 300 and that the rise at approximately

day 327 is visible after the data break whereas for the low

energy electrons it was not. In the large rise on about

day 352 the 1.9 Mev electrons again lag behind° The 0.5 Mev

electrons have started to decline before the high energy

electrons have reached their maximum. The increase for the 1.9 Mev

electrons is about a factor of 40. These effects are certainly

associated with plasma from the sun° Possibly magnetic distur-

bances initiated in interactions of the solar wind plasma with

the earth's field are responsible° It is tempting to believe

the observations are showing an acceleration mechanism in

operation. It goes on for several days, increasing the

energy of very low energy electrons until they are measured

by the 0°5 Mev detector and then later by the 1o9 Mev detector.

One might also interpret the results as due to a time varying

source or particles outside the magnetosphere, the source

producing more high energy electrons later. There are difficulties
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of course in carrying out injection of such electrons through

the magnetospheric boundary and there is no evidence for such

energetic electrons from the sun. The interpretation of _hese

effects is presently unknown. It seems almost certain to require

a mechanism that involves the plasma from the sun in interaction

with the earth's field, a subject which will receive a great

deal of attention in presently planned space experiments.
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III. SOLAR CELL DAMAGE EXPERIMENT

3.1 Design of the Experiment

The solar cell damage experiment was designed to

provide a measure of the integral radiation damage effects of

the particles to which the satellite was exposed over a period

of months in orbit. By use of different thicknesses of

transparent shielding material over the solar cells, broad

characteristics of the spectral composition of the incident

flux can be determined. Damage experiments rarely provide a

means of studying new phenomena because of the integral nature

of their detection characteristics. However, they do provide

an over-all check on a number of variables important to the

solar cell power plant designer. It was with this intent that

the damage experiment on Explorer XV was provided.

Because of extensive experience at Bell Laboratories

with n-on-p type silicon solar cells as used in the Telstar

I
solar power plant, these were chosen for the Explorer XV

experiment. Such cells had well-known spectral and electrical

characteristics and could be provided in the limited time

available for the design, construction and testing of the

experiments for the SERB program. Furthermore, these cells

had a well established absolute radiation damage sensitivity

to electrons and protons of various energies and a demonstrated

high uniformity among individual cells.2,3 The characteristics

of the devices are described in detail by Smith, et al. I



3-2

Radiation damage to solar cells can be measured

through changes in the short circuit current of illuminated

cells. Under short circuit conditions cell output is directly

related to the incident light intensity and the effective

collection depth (the diffusion length for hole-electron pairs

created by the light). Such a measurement clearly does not

provide a direct evaluation of deterioration of the complete

junction V-I characteristic. However, except in cases where

very heavy damage may be done Just to the shallow Junction

region with a resultant extreme deterioration of the V-I charac-

teristic, 4 the short circuit current measurement in space

together with laboratory measurements of the associated changes

in other characteristics of the cells provide the essential

information. Extreme Junction damage effects are only produced

by low energy heavy charged particles, for example protons of

about i Mev, and they cannot reach the cells under the shielding

conditions of the present experiment.

It is convenient to measure the short circuit current

in terms of a voltage developed across a load resistor. To

stay in the short circuit region of the cell characteristic it

is necessary in silicon solar cells at the temperatures under

consideration to restrict this voltage to <.2 volts. The

telemetry encoder of Explorer XV provided for 0-5 volt input

signals with a resolution approximately one per cent of full

scale. To provide a voltage high enough to take advantage of
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the available accuracy, the experimental arrangement used

24 small solar cells in a series string. The use of a large

number of cells has the additional advantage that it provides

an average response which largely removes the effect of

statistical differences in the damage sensitivity of individual

cells. This arrangement must not be used with a single shunting

resistor across the whole series string. In that case only the

cell having the lowest short circuit current will operate in the

short circuit range. The others will operate at higher voltages

corresponding to points in the region of the knee of the

V-I characteristics of the cells. Thus instead of measuring an

average over the cells 3 one measures the short circuit current

of only the poorest. Furthermore, this arrangement is sensitive

to failure of a single cell in the string. Ideally each

individual cell should be shunted by its own resistor, but

due to limitations in the weight of the experiment the cells

were shunted in pairs by 12 identical resistors in the string

as shown in Fig. 3-1.

The size of the small solar cell elements was

determined by mechanical considerations and by the availability

of an adequate number of identical, well aged and highly

reliable resistors. 5 The active area of the individual cells

was a rectangle approximately 40 by 130 mils. Four strings

of cells such as in Fig. 3-i, covered with different thicknesses

of synthetic sapphire shielding, make up the damage experiment.
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A thermistor provides an essential measurement of the

temperature; this is needed for referring all data to a

standard temperature. The total output of the experiment

thus consists of five measurements, four solar cell short

circuit currents, measured as voltages across 12-178 ohm

(= 2136 ohms) resistors and one thermistor voltage. An

important additional piece of information is provided by the

solar aspect monitor which determines the orientation of the

sun with respect to the satellite and thus to the solar cell

damage experiment.

The sapphire shielding thicknesses for the cells

were selected at I0, 30, 50, and 80 mils to span a very wide

range, from the thinnest that could be handled reliably in

the mechanical construction to one thicker than that of any

shield yet seriously proposed for practical solar cell power

plant design. These shields have mass thicknesses of .i0,

.30, .50, and .80 g/cm 2, and exclude protons below 7.4, 14,

19 and 25 Mev respectively. The solar cell string under

the heaviest shield was expected to show little or no change

due to radiation damage and thus to provide a measure of the

illumination conditions of the whole experiment.

3.2 Construction and Testing

3.2.1 Mechanical Design and Construction

From the point of view of the solar power plant it

was desired to launch Explorer XV so that the sun was originally

about 15 0o from the spin axis of the satellite. The zero of
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this angle, in the notation of the solar aspect measurement,

is at the magnetometer end of the satellite. The solar aspect

angle was expected to increase with time, initially by about

one degree per day, until the sun was at 180 ° (on the negative

spin axis) and then to decrease again in an approximately

symmetrical manner. Thus the solar cell radiation damage

experiment could not be located as on Explorer XII and XIV

on the side of the octagonal base of the satellite looking

perpendicular to the spin axis. It was instead mounted in

two sections (each carrying two of the dlfferently-shielded

cell groups) 180 ° apart around the circular section of the

satellite's lower structure with the solar cells facing

nominally along the negative spin axis. One of the mounted

sections is visible in the photograph of Fig. 3-2. For solar

aspect angles of less than 140 ° the cone structure housing

the satellite telemetry transmitter provides shadowing of

the experiment during part of the rotation of the satellite.

A close-up of the pair of experimental assemblies is shown

in the photograph of Fig. 3_3. The elemen_of this assembly

will be discussed in more detail in the sections to follow.

3.2.1.1 Solar cell Module

The 24 small solar cells in each part of the damage

experiment are assembled in three modules. Each module

consists of a Coor's AD-94 ceramic plate, eight solar cells

and four resistors, Fig. 3_4. The ceramic plate provides the
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mounting surface for the other components. Coor's AD-94

ceramic is used because of its high electrical resistance,

mechanical strength and good thermal conductivity and relatively

good match to silicon in thermal expansion coefficient. The

solar cells are soldered together in pairs with two nilvar

ribbons providing the electrical connections. These assemblies

are then aligned and bonded to the ceramic plate which has

previously had the four resistors and preformed leads bonded

to the lower surface. The bonding of all componenets to the

plate is achieved with epoxy reain. After the epoxy is cured

in an air oven at 60°C the electrical connections between the

solar cells and resistors are soldered. Epoxy is then applied

over the resistor leads and contact ribbons. One module in the

group of three is equipped for temperature monitoring and has

a thermistor bonded between the middle two resistors. In

order to provide good thermal conduction between the ceramic

plate and the aluminum housing which holds it, the ceramic

is metallized on its edges with Hanovia Silver prior to

assembly of the solar cells and resistors. The metallizing

is gold plated to reduce any oxide formation prior to final

assembly.

3.2.1.2 The Base Housing

The structural design of this detail is determined by

two main considerations. First it is the mechanical support,

back radiation shield and heat conductor for the solar cell
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modules and second, it is a structural element when fastened

to the satellite skin. In order to satisfy the conditions thus

imposed, the support base is machined from aluminum stock with

provisions for two groups of modules as shown in the mechanical

drawing of the assembly, Fig. 3-5. To distribute the loading

on the satellite skin during the rocket launch, extension legs

are machined as an integral part of the base. A total of

eight screws are used to fasten the detector to the satellite.

Electrical connections between each module and to the satellite

are provided by channels machined between each section and

terminals staked into the bottom of the base.

To prevent the detectors from operating at too high

a temperature (above 60°C) all external surfaces of the

aluminum housing block and of the cover to be described in

the next section are coated with white aluminum oxide. This

coating is applied with a plasma spray gun. The high emissivity

of this coating lowers the operating temperature very signifi-

cantly as will be seen in Section 3.2.4.

3.2.1.3 The Cover Assembly and Springs

The cover assembly consists of an aluminum frame

in which sapphire plates are supported by platinum channels,

Fig. 3-6. Two of these assembl_es fit on each of the housing

structures of Section 3.2.1.2. The covers are designed so

that only one detail is changed to accept the four different

sets of sapphire plates (10,30,50,80 mils thick). Besides
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providing mechanical support for the platinum channels, the

aluminum frame acts as a retainer for the solar cell modules

when fastened with screws to the base housing. TO insure

uniform loading on the modules, flat molybdenum springs are

placed between the aluminum housing and cover assembly. The

springs hold the modules in position and allow for thermal

expansion. Figure 3-7 is an enlarged cross section through

the assembly to show the details. The sapphire plates are

bonded to the platinum channels with epoxy resin. Platinum

is used in conjunction with the sapphire to match the thermal

expansion characteristics. This method of support of the

covers avoids the problem of glue in the optical path and

thus the potential problem of discoloration and optical loss

due to radiation in space.

3.2.2 Acceptance Angle of lllumination

With the desired launch aspect of the satellite

placing the sun 30 ° off the normal to the solar cell damage

experiment, the detectors were designed to have minimum

illumination angles of 40 ° uncorrected for refraction.

These angles are illustrated in Fig. 3-8 as seen in the same

plane as Fig. 3-7 which cuts across the smaller dimension of

a mounted module. The angles are determined by limiting lines

touching the edges of the platinum channel and the outer edges

of the two small solar cells at points A. When these angles

are corrected for the refraction which takes place as light
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passes through the thickness of the sapphire plates the limiting

angles change to the values shown in the table below.

TABLE 3-1

Sapphire Thickness Acceptance Angle

Uncorrected for

Refraction

Corrected for

Refraction

i0 mils 57 ° 58 °

3O 55 ° 65 °

50 47 ° 62 °

8O 38 ° 55 °

Limiting angles in a plane at right angles to the plane of

Fig. 3-9 arise in the end pair of cells in the array of

eight on a mod_ule. The smallest of these limiting angles

is 47 ° for the i0 mil sapphire case. Thus as long as the

angle of illumination is no more than 47 ° from the normal to

the array (the solar aspect angle is _133 °) there will be no

shadowing of the solar cells by their own mounting structure.

3.2.3 Vibration Tests

In order to prove the mechanical design and fabrication

scheme of the detectors, sinusoidal vibration tests were

performed on thel,prototype model at BTL, Murray Hill. The

acceleration levels_of these tests were more severe than those

required for qualification but the vibration machine was limited

to frequencies below 2 kc. Figure 3-9 compares a typical test

data run with NASA qualification specifications. The detectors
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for the satellites S3B and $3C were tested at acceptance levels

by NASA at Goddard Space Flight Center. The prototype detector

showed no evidence of any mechanical or electrical failure

after the vibration tests at the qualification levels and the

detectors tested by NASA as flight units also successfully

passed all vibration tests.

3°2.4 Thermal Tests

Two radiation damage detectors were tested on the

prototype satellite at Goddard Space Flight Center. The

tests were performed in a thermal vacuum chamber using arc

lamps calibrated for one solar constant. The two detectors

were the same except that one was not coated with aluminum

oxide. Thermistors were bonded to the aluminum housing and

to a solar cell module in each detector. Figure 3-10 shows

the temperature of the detectors as a function of time. The

temperature variation during the test was caused by fluctuation

of the light intensity. The average temperature of the aluminum

oxide coated unit was about 12° less than the average temper-

ature of the uncoated assembly° It is interesting to note that

the thermal coupling of the solar cell module to the aluminum

housing is very good, the temperature difference being only

one to two degrees throughout the test. Careful inspection and

electrical testing before and after the thermal test showed

that there was no mechanical failure of any part and that the

voltage output of the modules did not change.



3-11

3.3 So}ar Cell Selection and Testing

The solar cells used in the construction of the

radiation damage detectors were selected from a group of

800 1 cmx2 cm n on p-type cells from a single fabrication

run. They had nominal base resistivity of one ohm centimeter

and an n-type diffusion depth of approximately 0.5 micron. I

The devices were first screened to remove occasional cells

showing nonlinear effects. This was done by comparing the

measured response (the short circuit current) of each cell

under white light illumination (a tungsten spectrum with heat

absorbing glass) with the response computed from measurements

of the short circuit current under illumination through optical

bandpass filters. This method is discussed by Gummel and Smits. 6

The cells were then selected for uniformity in predicted outer

space short circuit current. The group of cells used were

within ±5_. The cells were then grouped within this range

into classes which were uniform to ±2_ or better.

The small cells mounted in modules (Section 3.2.1.1)

were cut from the cells of this doubly selected and ordered

group above. Four small cells were cut from the contact stripe

edge of each Ix2 cell. Thus each small cell has a full width

contact stripe along one of its long edges. The eight small

cells needed for a module were obtained from a chosen pair of

Ix2 cells. After module fabrication the cell response was

measured again under illumination through bandpass filters.
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The voltage across the modules now indicates the short circuit

current in a string of eight cells with their associated

resistors. It varied by as much as 5_ from that expected from

the measurements of the Ix2 cells. This is probably due partly

to variability over the area of the original cells. It is more

importantly due to inaccuracy in cutting (severe in this small

size) and to variations in the width of the contact stripe

which now is more than half the width of the small cell. From

the final measurements on the assembled modules, four groups

of three modules were selected to make up the detectors in the

two assemblies of a complete experiment. Figure 3-11 and 3-12

give the module designation and layout of the assemblies which

flew on Explorer XV.

Table 3-2 gives the predicted voltages expected in

outer space at mean solar distance, at 30°C, and under normal

incidence on the basis of the bandpass filter measurements of the

spectral characteristics of the individual modules in each set.

TABLE3-2

Shield Thickness i0 mil 30 mil 50 mil 80 mil

Module AI2,B8,A5 A8,BI2,A2 AI,B9,AIO A3,B4,AII

(i) Vos (no sapphire) 2.98 2.95 2.94 2.99

(2) Vos (with sapphire) 2.60 2.58 2.58 2.62

(3) Vobserved (30°C ±, _) 2.59 2.64 2.43 2.57

The module measurements were made with no sapphire covers over

the cells and line i in Table 3-2 is the prediction for bare

cells in space. Line 2 will be discussed in the paragraph to

follow, and line 3 in Section 3.6.1.
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The optical losses introduced by sapphire shielding

covers are substantial. Figure 3-13 shows these for the

four shielding thicknesses. The 80 mil shield is actually

formed of two 40 mil pieces cemented together with epoxy cement

since it was not possible to obtain thick enough material of

satisfactory quality in time. The losses are seen to be

essentially independent of sapphire thickness. They are

reflection losses at the two sapphire-air interfaces. The

primary spectral contributions to the solar cell response are

in the .5 to .8 micron wavelength region. The approximate

weighted average of the losses from Fig. 3-13 is 12.5%. Line 2

of Table 3-2 is the result of correcting line I by this amount.

Properly prepared sapphire shows less than 2_

absorption loss as a result of radiation by ultraviolet light

or ionizing particle radiation in doses to be expected after

years in space. Not all sapphire has this property, however.

Some material procured for thick shields on Explorer XV did

not have a final annealing step by the manufacturer. It

showed color center formation with absorption of as much as

15 to 20_ in important regions of the solar spectrum after

relatively modest radiation doses. The only solution in the

available time was to epoxy thinner pieces together to get

the requisite optical clarity in the 80 mil absorber. The

epoxy was radiation tested and showed no measurable discoloration.
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3.4 Results form Space

3.4.1 Data from the First Days in Orbit

Figure 3-14 shows data for the IO mil sapphire

covered cells on October 28, 1962, the first day in orbit.

The ordinate is the comb filter number which specifies the

frequency number of the voltage controlled oscillator reading

the voltage of this set of cells. (The four cell groups

occupy PP3, 4, 5 and 6 of the 16 channal performance

parameter subcommutator.) A high reading corresponds to a

low output from the cells. The abscissa of the figure is

time measured in units of 48 telemetry frame periods. A

measurement of PP3 is made once each 16 frames, approximately

once each 4.66 seconds. Successive readings of PP3 vary

widely, because the frame time of the telemetry encoder and

the period of satellite spin are not synchronous. The read-

ings of PP3 occur at different rotational positions of the

satellite. There will always be some number of spin periods

which comes arbitrarily close to matching a whole number of

frame times and on such a time scale the successive readings

will shift slowly (or in the limi_ not at all). This cor-

respondence occurs fortuitously in the case of Explorer XV at

three 16 frame periods and 17 satellite rotations. In Fig. 3-14

Just these points are plotted, that is, every third reading

of PP3. The pattern produced shows that this choice is not

quite synchronous by a very convenient amount. Between readings

the phase advances about 5.6 ° so that in 64 readings the measure-

ments have scanned completely through the satellite rotation.
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The shape of Fig. 3-14 arises from two main factors.

The large peaks at the beginning and end of the time record

are caused by shadowing of the experiment by the mounting

ring on the end of the transmitter housing. The initial

solar aspect was approximately 130 °, and as indicated in

Section 3.2.1 shadowing will occur unless the angle is greater

than 140 ° . The remainder of the variation in Fig. 3-14 is due

to the shingled mounting of the small solar cells in their

modules (Fig. 3-7). If the cells were mounted flat, the

sun would always see them at the same angle, independent of

the rotation of the satellite. (The angle of incidence of

sunlight on the sapphire covers is independent of rotation.)

However the shingling introduces an asymmetry. Define the

effective angle of shingling as 8, the angle between the negative

spin axis and the normal to the cells, the solar aspect angle

as _, and the rotational angle of the experiment with respect

to a plane through the satellite spin axis and the satellite

sun line as _, Fig. 3-15. As the satellite rotates and _ goes

from 0 to 2_ the sun is incident at a changing angle _ with

respect to the normal of the cells. The relationship is

given by Eq. 3.1.

COS_' = cos (_-_) COS6 - sin(_-_)sin 6 sin • (3.1)
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where _ is measured clockwise from the defining plane as

viewed from the telemetry transmitter end of the satellite

and the signs are correct for the actual mounting with _ a

positive angle (approximately i0°).

At • = O,

cos = cos(  )cos

At Y = _/2

cos _' = cos(v-_)cos 5 - sln(v-_)sin 5

: + s]

At _ = 3_/2

cos _' = cos(_-_)cos 6 + sin(7-_)sin

: - s ]

The cell output response is a monotonic function of cos 5, and

as a result the maximum response is seen from Eq. 3.1 to occur

for • = 3_/2, the minimum for _ = _/2 and intermediate values

for _ = 0, and _. In Fig. 3-14 _ = _ is in shadow. At

= 7/2 the reading is approximately 82 (a high comb filter

reading corresponds to a low output voltage) and at _ : 37/2,

approximately 70. The value at _ = 0 is not directly

identifiable but it must lie almost at the average of the

two extreme values for _ = _/2 and 3_/2. In the region of

the extreme values, between 15 and 35 and 44 and 57 on the

time scale of Fig. 3-14 there are variations of one comb

filter number on what is expected to be a constant response.

This "noise" occurs at the limit of resolution of the encoder

system.
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Knowing the values of a and 8, the angle at of

incidence of direct sunlight on the cell array can be deter-

mined for both extreme regions of Fig. 3-14. Knowing the

functional dependence of cell output on at the value for

the cell output under conditions of normal incidence can be

deduced from either or both of the observed extreme values.

Such derived values of normal incidence output, further

corrected for temperature and mean solar distance, as will

be discussed in Section 3.5, form the basis for evaluating

damage effects to the solar cells in space.

The strobing effect of the telemetry measurements

through the rotation of the satellite provides a way of

deducing the spin rate to a very high degree of accuracy if

it is even crudely known from other measurements. Such

information is incidental to the main purpose of the solar

cell damage experiment and will be mentioned only briefly

here. First note that since three 16-frame periods are

almost synchronous with the satellite, in one 16-frame period

ithe satellite must rotate a whole number of rotations ± y.

From the nominal 73 revolution per minute spin rate, the

satellite is computed to rotate 5_ revolutions in 16 telemetry

frame times. The accuracy of the nominal value of the spin

rate only needs to be sufficient to distinguish 5_ revolutions

from 6½. Nowin 48 frames (three 16-frame groups) the satellite

will rotate approximately 17 times. It fails to do this by
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1/64 of a revolution since in 64 of the 48-frame intervals

the strobing effect goes through one full rotation. Because

of the asymmetry produced by the shadowing, the direction of

rotation in the strobing can be deduced to be the same as

the direction of the rotation of the satellite itself. Thus

in the 64 time groups the satellite has rotated a total of

17x6_ + I = 1089 times. The accuracy of this determination

is better than ± 1/64 of a revolution. The total time span

for these rotations is 895.31 seconds according to the ground

station time record and thus the spin rate is found to be

1.21633 ± .00002 revolution per second. This determination

is capable of about another factor of 5 increase in accuracy

by proper evaluation of the fraction of a 48-frame interval

in which the rotation observed in the strobing is complete.

Figure 3-16 shows a set of results for the sixth day

in orbit, on November 2. The pattern is very much the same

as for the first day in Fig. 3-14. The minimum comb filter

number has dropped by about one and the maximum, aside from

the shadow peak, by two or three. These observations assert

that the solar cells of PP3 (i0 mil sapphire covers) are

producing a larger output than before. This is associated

with an increase in the solar aspect angle and thus a decrease

in the angle _' to the normal of the cells. The length of

the shadow interval has dropped very substantially, again as

a result of the solar aspect angle change. The period of
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strobing around the satellite with the 48-frame intervals has

dropped from 64 in Fig. 3-14 to 48 in Fig. 3-16. This can

be due to a decrease in the rotational period of the satellite

(an increase in spin rate) or to a decrease in the telemetry

frame time. The shift from the results of Fig. 3-14 amounts

to a change in one or the other or a combination of about

30 parts in 105 .

The values of the solar aspect angle of Explorer XV

as determined by EMR are plotted in the upper part of Fig. 3-17.

The solar aspect angle slowly increases from the beginning and

exceeds 140 ° at about day I0. It does not quite reach 180 °

at its extreme which is attained in mid-December after about

45 to 50 days in orbit. The temperature of the solar cell

damage experiment is plotted in the lower half of the figure,

also as extracted and converted from the data by EMR.

3.4.2 Data for Later Times

The upper part of Fig. 3-18 is a sample of the data

for the 14th day in orbit. The spike of shading is now gone

as expected because _ exceeds 140 ° . The curve is essentially

symmetric as the angle of illumination _' of the individual

cells approaches toward or recedes from one of the extrema.

The voltage output of the cell group is higher than in Fig. 3-14

or 3_16 because the illumination is more nearly normal to the

cells.
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The lower part of Fig. 3-18 is data for the 41st day

in orbit. According to Fig. 3-17, _ is nearly 180 ° . At 180 °

the cells would have no way of recognizing that the satellite

is rotating and the time variation of the cell output must go

to zero. This is almost the case on the 41st day, and the

angle of illumination of the shingled cells is now nearly the

angle 8. The fact that periodic variation still exist however,

demonstrates that _ is not quite 180 ° .

3.5 Treatment of the Data

3.5.1 Statistical Distribution of Solar Cell Outputs

In Figs. 3-14,-16_-18 typical sets of data for the

output of the I0 mil sapphire shielded cells have been shown.

These represent a very small fraction of the total data that

exists. There are similar sets of data for the other three

shielding thicknesses. In addition, in the plot only every

third data point was displayed to illustrate the shape of the

response as directly as possible. Finally, each plot spans

a time of about i000 seconds, or about 1% of a day. There are

altogether about 5xlO 6 pieces of solar cell damage data from

the approximately 90 days of telemetry reception from

Explorer XV in space. There is no point in carrying out an

analysis of all this data because of the slow variation of

solar cell output with time. However, to include a much larger

sample in the analysis than is possible by examining thousands

of plots, a statistical approach has been devised. Of greatest
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interest is the solar cell output for angle @ near w/2 and

3w/2 (Eq. 3.1) because these are most directly determined.

Since these occur as extrema in cos _' they will be visible

in a statistical distribution of a group of comb filter

readings. The first four columns of Table 3-3 show such a

distribution for the first day in orbit. The fractional

occurrence of each comb filter number is displayed for a pass

containing several thousand data points. The distributions

for all four of the sets of cells with different shielding

covers are shown as obtained from data of PP3, 4, 5 and 6.

In the PP3 column the data of the distribution include that

shown in Fig. 3-14. There is a peak in the distribution at

comb filter number 70, 24.5% of the measured points falling

at that value. This is the value of the minimum seen in

Fig. 3-14 and corresponds to @_ 3_/2. A second maximum

inprobability-of-occurrence is seen at comb filter number 82,

corresponding to _ _ _/2. There is a third peak at comb filter

number 105 for the points measured in the shadow. Similar

features are apparent in the distributions of PP4, 5 and 6.

The second group of four columns in Table 3-3 shows the

distribution of the probability-of-occurrence for the 14th day

in orbit. The shape of this distribution is that to be

expected from results such as are plotted in Figs. 3-18 from

PP3 on that day. The shadow peak of comb filter number i05 is

gone. Some 26% of the data fall in comb filter number 65, 13%

in number 74. The third group of four columns in Table 3-3
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show the very restricted distribution observed on the 50th day

in orbit. The sun is nearly on the negative spin axis and

the modulation of the cell output due to the shingling has

almost disappeared.

Values of maximum and minimum readings of the damage

experiment outputs have been determined from distributions

like those of Table 3-3. These are then corrected for angle

of incidence, temperature and mean solar distance as discussed

in the three sections to follow.

3.5.2 Angle Corrections

Figure 3-19 shows the angular variation in the out-

put of a cell covered with 30 mils of sapphire as a function

of the angle of incidence with respect to the normal. 8 For

small angles the variation goes nearly as the cosine of the

angle of incidence, but for larger angles the output falls

more rapidly because of increasing reflection losses at the

sapphire surfaces. This curve has been used to convert the

outputs of the cells as measured at various angles _

(Eq. 3.1) to the equivalent output to be expected at normal

incidence.

3.5.3 Temperature Correction

It was shown in Fig. 3-17 that the temperature

varied over the period of the experiment between about

40 and 62°C. All solar cell output results have been cor-

rected to a standard temperature of 30°C. In the undamaged

cells the temperature dependence as shown in Curve A of
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Fig. 3-20 is essentially linear over a wide range and has a

slope of approximately .07_/°C. At the highest temperature

the correction amounts to approximately 2.5_.

Figure 3-20 also shows in curve B the temperature

dependence of very heavily damaged solar cells. The steeper

slope is attributable to the characteristics of deep lying

radiation-produced recombination centers which now limit the

carrier diffusion length. The transition from an undamaged

to a damaged temperature coefficient depends in a complex

way on the extent of the damage (and probably on the details

of the defects radiation is creating in the material). Since

the extent of the damage in these experiments is quite small

the undamaged temperature coefficient has been used exclusively.

3.5.4 Mean Solar Distance

Figure 3-21 shows the annual variation in the solar

intensity at the earth as a result of changes in the earth-sun

distance. The intensity is an a maximum in early January and

a minimum in July with a peak deviation from the mean of 3.3_.

3.6 Final Results

3.6.1 Absolute Initial Output of the Cells in Space

Obtaining a value for the absolute output from the

solar cells in space under standard conditions requires making

the three corrections of Section 3.5 in addition to carrying

out conversions of the telemetry comb filter readings to

voltages for the solar cells and to temperatures for the
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thermistor on the experiment. It is interesting to compare

the absolute values observed Just after launch with the pre-

dicted values discussed in Section 3.3. The third line of

Table 3-1 gives the values for corrected observations during

the first day in orbit. The comparison is quite good with

line 2 of the table, although the 6_ difference in the 50 mil

shielded case is a larger difference than can be accounted for

by the uncertainty of the measurements. A loss of 8_ would be

expected if one cell in the 24 ce_l string developed an open

circuit during launch. This may be the explanation.

3.6.2 Variation of Output with Time in Orbit

Figure 3-22 summarizes the results over 80 days in

orbit. The output voltage, corrected to normal incidence,

30°C and mean solar distance is plotted againBt time for each

of the four shielding thicknesses° The influence of one unit

change in the comb filter number is shown by the small vertical

bar. The last portion of the figure is a repiot of the curve

of illumination angle from Fig. 3-17, shown in the present case

as_-a.

All four cell groups show a decrease with time. The

greatest change is about 20_ in 80 days in the 20 mil sapphire

case, the smallest about 13_ in the 30 mil sapphire case. The

most surprising thing about these results is the small difference

there is among them and the lack of correlation there is with

the shielding thickness. There is a substantial amount of

scatter in the plotted points and the over-all effects are
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not very large. Nevertheless the changes are quite significant.

An order of magnitude difference is expected between the i0 mil

and 80 mil covered sets as will be discussed in more detail in

Section 3.6.3. The pronounced departure of the results in the

i0 mil sapphire case in the region between 35 and 60 days in

orbit is due to reflections from the platinum support pieces

for the sapphire windows, see Figs. 3-7 and 3-8. As the angle

of illumination becomes small, light is reflected from the slop-

ing edges of the platinum supports as shown in Fig. 3-23. For

the thicker sapphire windows the length of the sloping platinum

surface decreases and the length of the horizontal surface

increases so that the reflected light has a decreasing possibil-

ity of reaching the cells. In the 80 mil sapphire case there

is no sloping surface, the top platinum support is flat and

thus cannot give rise to such an effect. The data of Fig. 3-22

are in agreement with these geometric differences. There is

no departure of the 80 mil sapphire points from the smooth

decrease with time and if there is a departure for the 50 and

30 mil cases it is hardly discernible. The effect is restricted

to illumination angles of approximately 15° or less. It is in

just this region that the i0 mil sapphire-covered cells show

their anomalous response.

The treatment of the data and the corrections made

to it, and possible experimental antifacts that could produce

the results of Fig. 3-22 have been examined in detail.
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Some of these are discussed below. The results however say

there has been a loss of output of the solar cells, showing

no simple correlation with the shielding thickness of

sapphire covers. This loss may be due to a change in the

cells and it may also be due to a change in the amount of

light reaching the cells.

Data processing involved in producing the distribution-

of-occurrence of particular comb filter numbers is very straight-

forward, and the distributions appear to reproduce the response

vs time curves such as Figs. 3-14, 16 and 18 faithfully.

The conversion from comb filter number to voltage

involves the calibration of the voltage controlled oscillator

in the satellite. If this oscillator drifted it could give

the major changes observed. However, the same oscillator

which was attached to PP3, 4, 5 and 6 of the solar cell damage

experiment for four out of sixteen frames during word 15 of the

telemetry was attached to other channels as well at other times

in the telemetry sequency and showed no signs of a drift in

characteristics.

Temperature corrections applied to the data are

relatively small and are the same for all cells under the very

good assumption that the cell temperatures are nearly alike.

After i0 days in orbit the temperature corrections applied are

constant to within i_ because temperature changes beyond that

time are less than 13 ° . If a larger temperature coefficient

is needed for the cells being damaged (Section 3.5.2) it would

increase the apparent rate of damage slightly for all the cells.
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The angle corrections for much of the data are the

order of i0_ and it is unlikely that they introduce errors

of as much as a few per cent. The comparison of the initial

value of cell outputs in space with the laboratory pre-

dictions has required an angular correction of about 30_ for

the large initial angles of illumination. The good corre-

spondence obtained adds confidence to the other smaller

angular corrections. Even more important, there is a very

substantial overlap of data from times before and after the_ime

of _ minimum illumination angle. Such measurements cannot be

in relative error because of poor angular corrections. In

Fig. 3-22 the straight lines have been drawn through those

parts of the data most widely separated in time and having the

same range of illumination angle. There is no question but

that the results show a definite decrease with time in all

cases.

A decay of all solar cell outputs could be produced

by a downward drift in the value of the resistors that are

shunting cell pairs on the modules (Fig. 3-1 and 3-4). The

resistors used in the fabrication have been carefully screened

with overload, aging and high temperature tests. Over a period

of months in vacuum they tend to shift upward in resistance

by the order of 0.5_. If the present results are to be

explained by resistance instability, the resistors all drift

downward in resistance by about 15_. Such an explanation does

not seem possible.
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The results could be explained if the sapphire cover

glass degraded in transparency due to color center formation

under ultraviolet and ionizing particle radiation is space.

However, as mentioned in Section 3.3 the sapphire used was

preirradiated with gamma rays to check for this potential

difficulty.

A light absorbing deposit might build up on the

under side of the sapphire or on the cell surface from decom-

position of evaporation products from the epoxy used as

cement in a number of places in the fabrication. There is no

evidence for this in tests carried out to check this specific

point under extended ultraviolet illumination of a completed

unit in vacuum and at temperatures well above 60°C.

Reflection contributions to the light striking the

solar cell cannot produce the differences between late and

early times at the same primary angle of illumination.

None of these possibilities seem at all likely to

account for the results observed.

3.6.2 Discussion

The results of Fig. 3-22 can be examined both for

the damage dependence on shielding thickness and for the

absolute amount of damage in comparison with the particle

exposure of the satellite. In Fig. 3-24 the rates of decrease

of short circuit current for the I0, 50, and 80 mil shielded

experiments are plotted relative to the rate for the 30 mil

shielded case. These points are compared in the_:f_gure with

the thickness variation of damage due to an exponential electron
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spectrum with an e-folding energy of 1.2 Mev. The curve is

computed from laboratory measurements with monoenergetic
9

electrons. The average electron exposure of Explorer XV

is to a spectrum no harder than this exponential spectrum_

which approximates the beta spectrum of electrons from fission

for the first few Mev and is richer in higher energy electrons

than the fission spectrum_ 0 The electron curve in Fig. 3-24

is thus as slowly decreasing with shielding thickness as

damage due to electrons in the Explorer XV orbit can reasonably

be.

A curve of the expected damage dependence on shield

thickness for protons is also included in Fig. 3-24. This is

computed on the basis of laboratory measurements of diffusion

length degradation due to monoenergetic protons of energies

between 1.35 and 130 Mev.3 The spectrum chosen is somewhat

harder than that observed by Telstar 19 and II ll for equatorial

protons in the 18 to 50 Mev range. Since the I0 mil shielded

cells are damaged by protons with energies as low as 7.5 Mev,

the extrapolation of the measured spectrum to compute the

damage under i0 mils of sapphire is somewhat uncertain. The

number of protons in the extrapolated spectrum is not un-

reasonable, however, in comparison with still lower energy

protons observed on Explorer XV. The computed curves of

damage vs. shielding due to electrons and protons show at

least an order of magnitude variation over the I0 to 80 mil

shielding range. The observations from the experiment are
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no more than a factor of 1.5. The results seem to be

essentially unrelated to particle damage on the basis of

this comparison.

The observed decrease in short circuit current for

the 30 mil shielded cells is at a rate of approximately 8.5_

in 50 days. This decrease is equivalent to the decrease

that could have been produced by approximately 1.5xlO 14 1 Mev

electrons/cm 2 striking a bare cell at normal incidence. Thus

the daily equivalent flux 9 is approximately 3xlOl2/cm 2 day.

An equivalent flux can be computed from the particle

exposure of the satellite and the damaging properties of the

particles. The most severely damaging particles for the 30 mil

shielded cells are protons with energies above 15 Mev. Using

results for 18-28 Mev protons from Telstar II II and the spectrum

assumed above (differential power law with exponent -4), the

equivalent flux is between 1.5 and 2xlQl2/cm 2 day. This takes

account of the less than 2_ exposure geometry because of the

mounting of the cells in the detector blocks (see Fig. 3-8).

The equivalent flux due to electrons is approximately 5xloll/cm 2

day using the data of channel E_2 and an exponential energy

spectrum with a 1.2 Mev e-folding energy. Thus the total

computed equivalent flux is between 2 and 2.SxlO12/cm 2 day.

This is less than the observed damage although it is within

the range of uncertainty of the measurements and the calculations.

One is in the peculiar position of having approximately

enough particles to account for the damage at 30 mils shielding,

not nearly enough to account for the damage at 50 and 80 mils,

and too many to account for it at i0 mils. The damage equivalence
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of protons has been established at room temperature and not

between 50 and 60°C. It is quite possible that the computed

figures are too high because of annealing and other rearrange-

ment processes of the damage defects. It is also possibly

high because of nonllnea_ effects.3 It seems extremely

unlikely that particles are producing the major share of

the 30 mil damage observed.

An alternative explanation for the very weak

dependence of the results on shielding thickness is surface

roughening of the sapphire by micrometeorites. This would

cause light scattering and a decrease in light intensity at

the cells, independent of the sapphire thickness. Particles

the order of 0.i to to I _ in diameter would probably be

most efficient in producing craters for light scattering in

the 0.5 to I _ wavelength range. Smaller particles will

produce craters too small and larger particles are probably

too rare. Although no measurements of roughening of sapphire

by high velocity dust particles have been made in connection

with this work, it seems possible to estimate a very approxi-

mate flux of such particles which would have the observed

effect. A I _ particle moving at orbital velocities will

probably produce a crater several times the particle diameter

(say 3_) or having an area of _ 10-7 cm2. If 50_ of the

incident light were diffusely scattered it would give approxi-

mately the current loss observed. This would require a number

of impacts approaching iO7/cm 2 or _ 105/cm 2 day. This exceeds
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the conservative values of Whipple 12 by approximately a factor

of a hundred. To avoid the contribution such particles would

make to apparent damage in the Telstar power plant, they must

be less numerous in the region of its orbit than in the orbit

of Explorer XV. What seems to be required is an unusually

high density of micrometeorite particles near the equator and

possibly primarily above 3 earth radii. This hypothesis is

not particularly attractive, but it competes rather favorably

with the other alternatives.
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3.2 3.2
2.6 2.6

2.9 3.2
1.9 1.8
2.9 80
5.7 12 3
7.7 5 9
5.6 02
6.8 o l

5.2 07
1.5 o4
0.4 0 2
0 0 4

0.I 02
o.3 o 2
0.I 02
0.I 0 1

O.5 0

0.5 0.2
0.4 0.2

0.2 0.7
o .4 o.7
o .4 o.5
0 0

0.2 0.i
0.I 0.2

0 .I 0.1
0.1 0.1
7.8 8.4
1.2 o .4
0 0
0 0
0 0

TABLE 3-3

Day 14

PP3 PP4

0 0
0 0

0 0
0 0
0 0
0 0

o 12.8
0 19.1
0 ii .7
1o.8 8.5
28.7 5.5
8.5 3.2
8.9 5.9

2.6 2.3
6.2 8.8
2.6 4.5
3.5 4.8
9.8 12.9
3.5 o

13.5 0
1.4 0
o 0

o 0
o 0
o o
o o

o 0
o 0
0 o

o o
0 o
o o
0 o

0 o
0 0

0 0
o o
0 0
0 0

0 0
0 0
o o

0 0
0 0
0 0

0 0
o 0

o 0
0 0
o o
o 0

0 0
0 0
0 o
0 0

in Orbit

PP5 PP6

0 0

0 0
0 0
0 0
0 0

0 0
0 0
0 1 4
o 16 6

13.8 21 8
19.2 7 6
76 49
8.4 7 2

3.1 45
9.8 io 2
3.0 5 4

3.6 3.9
9.8 16.4
2.4 o .I

Ii .7 0
7.5 o
0.i 0
0 0
0 0

0 0
0 0
0 0
0 0

0 0
0 0
0 0

0 0
0 0
0 0

0 0
0 0
0 0
0 0

0 0
0 0

0 0
0 0
0 0
0 0

0 0
0 0
0 0

0 0
0 0
0 0

0 0
0 0
0 0

0 0
0 0

Day 5 0

PP3 PP4

o o
o o
o o

0 93.3
0 6.7
0 0

58.2 0
41.8 0
0 0
0 0

0 0
0 0

0 0
0 0
0 0
0 0

0 0
0 0

0 0
0 0
0 0
0 0

0 0
0 0
0 0
0 0
0 0

0 0
0 0

0 0
0 0
0 0
0 0

0 (3'
0 0
0 0

0 0
0 0
0 0

0 0
0 0
0 0

0 0
0 0
0 0

0 0
0 0
0 0
0 0

0 0
0 0

0 0
0 0
0 0
0 0

in Orbit

PP5 PP6

0 0

0 0
0 0
0 0
0 0

0 0
0 34.9
0 64.2
6.5 1.0

68.5 0
25 .o o
0 0
0 0
0 0
0 0
0 0

0 0
0 0

0 0
0 0
0 0
0 0

0 0
0 0
0 0

0 0
0 0
0 0

0 0
0 0
0 0

0 0
0 0
0 0

0 0
0 0
0 0
0 0

0 0
0 0

0 0
0 0
0 0
0 0

0 0
0 0

0 0
0 0
0 0
0 0

0 0
0 0
0 0

0 0
0 0
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FIGURE CAPTIONS
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Fig. 3-1

Fig. 3-2

Fig. 3-3

Fig. 3-4

Fig. 3-5

Fig. 3-6

Fig. 3-7

Fig. 3-8

Fig. 3-9

Fig. 3-10

Fig. 3-11

Fig. 3-12

The solar cell and resistor arrangement in the

radiation damage detectors.

A photograph of the assembled spacecraft.

The solar cell damage detector block is visible

Just below the octagonal section of the satellite

structure.

A closeup of the solar cell damage detector.

The solar cell module assembly.

The assembly of the complete solar cell damage

detector.

The cover assembly.

The details of the mounting assembly.

The optical angular acceptance of the solar cell

damage experiment for assemblies with different

sapphire shield thicknesses uncorrected for refrac-

tion.

A typical test run of thrust vibration.

Results of the temperature test at GSFC for bare

and aluminum oxide coated solar cell damage detector

assemblies.

The module layout for detector no. 52.

The module layout for detector no. 53.
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Fig. 3-13

Fig. 3-14

Fig. 3-15

Fig. 3-16

Fig. 3-17

Fig. 3-18

Fig. 3-19

Fig. 3-20

Fig. 3-21

Fig. 3-22

Wavelength dependence of the optical loss due to

sapphire covers.

Data of Channel PP3 for the I0 mil sapphire shielded

detectors for the first day in orbit. The ordinate

is the comb filter number of the decommutated data.

The geometry of the cell illumination in space.

Data for day 6 from Channel PP3.

The solar aspect angle and damage experiment tem-

perature as a function of time in orbit°

Data for Days 14 and 41 from Channel PP3.

The angular dependence of solar cell output on

angle of illumination°

The temperature dependence of the solar cell

short circuit current for unbombarded and heavily

bombarded cells

The annual variation of the solar intensity at the

earth.

The results of the four radiation damage detector

assemblies corrected for temperature, mean solar

distance, and angle of illumination versus time

in orbit.
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Fig. 3-23

Fig. 3-24

The problem of reflection on the I0 mil shielded

solar cells near normal incidence.

The relative damage rates observed in the experi-

ment compared with the expected damage dependence

on shield thickness for electrons and protons as

seen by Explorer XV in space.
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SERB - SATELLITE #S3B & $3C

DETECTOR #52

LOOKING AT SOLAR CELLS
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SECTION I
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3. THERMISTOR #231
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SECTION II
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